Proteomic analysis was performed on the midgut of fifth-instar day-3 female silkworm (Bombyx mori, strain p50) larvae. Though silkworm genome analysis has not yet been completed, the Drosophila genome and silkworm expression sequence tag (EST) data were applied to the analysis of the midgut proteins in the database (DB) for identification. The spots, which were excised manually from two-dimensional electrophoresis (2-DE) gels, were treated with 4-vinylpyridine for alkylation. Each spot was analyzed by capillary highperformance liquid chromatography coupled with ion-trap mass spectrometry (MS) after proteolysis using a trypsin. Nearly 60% of the proteins analyzed by MS were identified. These included many kinds of cytoskeleton proteins, ATPase, and chaperonins.
INTRODUCTION
Silkworms (Bombyx mori L.) have been raised for more than two thousand years for silk production. Recently, silkworms have become a model for investigating harmful Lepidoptera 1, 2) and the commercial production of useful biological substances called interleukins 3) . While Drosophila has been analyzed in genome research 4) , it is too small for proteomic research as a protein source and it is in a different taxonomic order. Silkworms, on the other hand, are large enough that each organ can be separated by manual dissection for the proteomic analysis. ESTs have been collected from every organ 5) and silkworm DNA sequence data are available now. At the present moment, open reading frame analysis of the silkworm genome is limited because there are several unexpected introns, so we can not use it for identifying proteins on our silkworm midgut proteomics.
For the first step of silkworm proteomic research, the midgut materials were selected for the following reasons: Proteomically, the same genes might be expressed in both midguts and amino acid sequence data derived from Drosophila genome data can be used for the silkworm proteomics. Homologies of amino acid sequences appear to be higher than those of other organs, such as silkglands. The midgut is the biggest organ in silkworms and it is quickly transformed in a few days. This paper describes the proteome analysis of the silkworm midgut by 2-DE and MS/MS using the amino acid sequence data derived from the Drosophila genome and translated silkworm EST.
MATERIALS AND METHODS

Materials
General laboratory chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan) or Nacalai was isoelectric focusing (pH 3.5-10) using a tube gel system (Nihon Eido, Japan) and the second dimension was SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 16.8 % acrylamide (BioRad, USA) gel (acrylamide: piperazine diacrylamide (BioRad, USA)=30: 0.135). Protein spots were made visible by Coomassie brilliant blue R-250 (CBB) staining 6) .
Mass spectrometry
Five or six spots were cut from gels for the chemical modification by 4-vinylpyridine 9) . Proteins in gel pieces were digested with trypsin (Promega, USA) in 0.1 M ammonium hydrogen carbonate containing 10% acetonitrile for 16 hrs at 37°C. Peptide fragments were extracted from gels using 60% acetonitrile containing 0.1% trifluoroacetic acid with vortexing for 30 min. Proteins were separated using a C 18 column (Magic 202, AMR Inc., Japan) with a linear gradient (5-60%) of acetonitrile containing 0.1% formic acid. Separated polypeptides were directly analyzed using an ion-trap MS system (LCQ DECA, Thermoquest, USA) with custom-made nanospray ionization apparatus 6, 10) .
Data analysis
Computer analysis of the obtained MS data employed two search engines, Sequest (Thermoquest, USA) and Mascot
11)
. Drosophila genome data and other proteins in the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) were used for both the Sequest and Mascot analyses. The amino acid sequence DB derived from silkworm ESTs 5) was used for the Sequest searching after being translated into all six frames of amino acid sequence by Transeq (http://www.expasy.org/).
RESULTS AND DISCUSSION
Electrophoresis
Separation of silkworm midgut protein was performed with isoelectric focusing between pH 3.5 and pH 10 as the first dimension and SDS-PAGE as the second dimension (Fig. 1) . Mulberry leaves in the midgut were removed by thorough washing with a potassium chloride solution. Proteins in the digested mulberry leaves in the midgut were The gels were stained by CBB and dried using a cellophane sheet that had been immersed in 10% glycerol. The spots were excised from the dried gel and the cellophane was removed for the trypsinization.
not detected in the CBB stained 2-DE gel of midgut (Data not shown). This indicated that there was no detectable mulberry protein in the 2D-gel.
Proteins from midgut were slightly streaked on the 2-DE profile horizontally. Protease inhibitor cocktails were used to prevent protein degradation, but some tailing was observed. Other organs such as silkglands showed less of a tailing pattern than the midgut (Data not shown). One possible reason was the protein degradation occurred due to the existence of digestive proteinases in the midgut during protein extractions, despite the use of the proteinase inhibitor cocktail.
Preparation of amino acid sequence data from silkworm EST Silkworm ESTs have been analyzed using various tissues 5) . They were read from the 5'-end. The DB for the protein identification was constructed using the translated amino acid sequences, which had six reading frames from both ends (Fig. 2 ). Though we tried to identify the initiation codon in the ESTs, it was difficult to determine the Nterminal methionine because of EST sequence inaccuracies. However, some of the analyzed proteins were matched to the translated amino acid sequence of ESTs, and we could observe the shifts by artificial insertions or deletions in the EST sequences (Fig. 3) . Though the amino acid sequence DB from EST contained several misreadings, they could still be used for identifying silkworm proteins.
Three-step identification of midgut proteins
The results of the identification are summarized in Table 1 . MS data analyses were performed in three steps. The first step was done using the Internet search engine Mascot using Drosophila genome data only. The second step was Mascot searching of all protein data in NCBI, including other invertebrates. Some proteins which were not identified in the first step, were identified in the second step. The amino acid sequence DB which was translated from silkworm EST was applied to the final step. Proteins which were not identified until the second step were applied to the third step of identification.
In the first step, 91 proteins were identified in the 265 analyzed spots on 2-DE. According to FlyBase (http:// shigen.lab.nig.ac.jp:7081/), there are 43365 Drosophilarelated entries. We selected the midgut as the material for the first silkworm proteomics because the same organ exists in Drosophila. Similar functional genes were expected to be in every species and in the hope that their amino acid sequences were conservative. Though we had these expectations for silkworm proteomics, the identification rate was still only 34.3% using Drosophila genome DB. This might have been due to the differences of amino acid sequences caused by an evolution.
All of the invertebrate protein data in NCBI were employed in the second step of the analysis using Mascot. The identification rate increased to 44.9% when 28 new proteins were identified using all the data. There were about 1840 silkworm-related entries in NCBI which included the keywords "B. mori" and/or "silkworm". Genes cloned from other species were also included in this The amino acid sequences were translated from both directions. All of the EST sequences were assumed to be partial nucleotide sequences. Fig. 3 . Example of identification using the amino acid sequence DB, which was translated from silkworm EST using Sequest.
The artificial deletions or insertions occurred in the nucleotide sequences of EST. MS data were hit to two reading frames of NV021111_1 and NV021111_2. Bold letters show identified peptides. Nucleotide sequences in the underlined sequence area were apparently misread. number so these entries did not necessarily mean the number of cloned silkworm genes.
In spite of the low number of entries, several proteins were identified by the entries from cloned silkworm genes. In other words, the analyzed MS data did not connect to the rich entries of Drosophila because of the amino acid sequence differences between the species.
Finally, a translated silkworm EST DB was employed to identify analyzed silkworm midgut protein spots on 2-DE.
Translated EST contained several stop codons and they were partial sequences. Another search engine, Sequest, was used for the identification. Though Sequest was also applied to the first and second step analyses, proteins identified by Mascot usually showed higher scores and several matched peptides (Data not shown). Therefore, we selected a candidate EST clone which showed a high score and some matched peptides in the third step analysis. Ultimately, 157 proteins were mapped on the 2-DE gel profile a Scores expressed as a fraction were the result of Mascot search using the DB of the Drosophila genome or the DB of the protein data in NCBI. If the numerator is larger than the denominator, the identified proteins were statistically significant (95%). Scores expressed as numerical values were the result of Sequest searching using the DB of silkworm EST. by midgut proteomic analysis, and the identification rate reached 59.2%. In our experience, the proteomic analysis of the symbiotic bacteria Mesorhizobium loti using the same method, 2-DE separation and MS analysis, resulted in an 89.7% identification rate 6) . If we can use complete amino acid sequence data of silkworm, the identification rate will undoubtedly increase.
Protein identifications
This MS approach identified many proteins in the 2-DE profile. The most abundant proteins in silkworm midgut were myosin and actin, which are related to muscle. Myosin and actin-related proteins were found in 13 spots (#4, 6, 28,  30, 87-8, 102, 104, 109, 111, 116, 129, 139 ) and 16 spots (#29, 31-2, 66-8, 98-9, 117-9, 141, 151), respectively, including three actin binding proteins (#61, 114, 132) . These gene products were distributed in the wide range of molecular weights in this electrophoresis. They were considered as the cytoskeleton related proteins which had identical sequences or their post-translational products.
Additionally, two spots of arginine kinase (#84, 106) were observed. This kinase is abundant in various tissues including invertebrate muscles for release of energy and is stored as phosphoargine 12) .
Tubulin (#33-4, 45, 69, 76, 93, and 95) is also an important cytoskeleton of the cells and consists of heteromer by α-tubulin and β-tubulin. In our analysis, two spots were identified as α-tubulin (#69, 95) and the other five spots were identified as β-tubulin. In fact, the abdomen of silkworm larvae is almost completely occupied by a large midgut, which is expanded fully by mulberry leaves. The mulberry leaves must be moved by a peristaltic movement to the anus. It is reasonable that many myosins and actins exist in midgut tissues. These proteins have an evolutionary conservative structure in eukaryotes, indicating that they could be identified in silkworm using Drosophila genome DB.
We also identified 30 spots corresponding to ATPase in silkworm midgut. The ATPase was divided into two major categories, i.e., the ATPase which synthesizes ATP for energy production, and the vacuolar ATPase which exports substances across the membrane. Fourteen spots were categorized as ATP synthetase (#18, 70-1, 75, 77, 79, 90-2, 97, 100-1, 125, 140) which produces the energy for the cell and seventeen spots were identified as hydrogen-exporting ATPase (#46, 48, 60, 62-4, 78, 80, 82, 85-6, 94, 103, 107-8, 112, 127 ). Though precise classification and analysis of the functions of these identified ATPases are needed for further studies, we could conclude that cells were actively producing energy and transporting substances in this stage.
Heat shock proteins (eight spots; #59, 72-3, 96, 113, 128, 136, 152) were identified in midgut and all of the spots were identified as either the 70 kD heat shock protein or a heat shock protein which had chaperonin activity. Another chaperone, phosphorylated calreticulin (#9, 11) was also identified.
Protein disulfide isomerase (#42) 13) was also found in midgut in this study. This protein is known to induce efficient folding in insect neuropeptide eclosion, which plays a critical role in ecdyses, by chaperone activity. A translation initiation factor (#65) was also identified. Thus, the midgut of fifth-instar day-3 larvae still expresses this protein actively. Several proteins related to protein expression were identified in the fifth-instar day-3 larvae. Ubiquitin (#55), which is related to protein degradation, was identified in midgut extracts. The silkworms stopped feeding during the next two days and started spinning their cocoons. We tried to dissect the midgut during this spinning stage, but it became smaller and more fragile and it was difficult to identify in the late spinning stage (Data not shown). Ubiquitin might be a preparation for the next stages, otherwise protein turnover. An IDGF like protein (#157) 14) promotes cell proliferation in imaginal discs in Drosophila. This protein is also used to prepare for the next stage of development. Two enzymes related to the glycolytic pathway were identified in midgut: triosephosphate isomerase (#81), which isomerizes glyceraldehyde-3-phospate to dihydroxyacetone phosphate; and enolase (#105, 110), which converts 2-phosphoglycerate to phosphoenolpyruvate. Observation of these enzymes in midgut suggests that glycolysis occurs actively in the midgut cells of this stage.
Two proteins were related to the carcinoma: translationally controlled tumor protein (#36) and the retinoblastoma-binding protein 1-related protein (#50) 15) . The retinoblastoma-binding protein 1-related protein was found in Drosophila, which had two conserved genes, polycomb, and trithorax groups that are believed to maintain, at the level of chromatin structure, the expression pattern of homeotic genes during development 16) .
Low molecular weight lipoprotein PBMHP-6 (#147) and PBMHPC-19 (#148, 153) 17) were also found in midgut extracts. These proteins were abundant in larval hemolymph in plasma, which is synthesized in a fat body. These proteins were reported to be detectable in the hemolymph before day 3 of fifth larval instar in a stagespecific expression. Molecular cloning of two tandemly duplicated alkaline phosphatases was reported for B. mori, i.e., a membranebound type and a soluble type 18) . Membrane-bound alkaline phosphatase (#156) was identified in this analysis. Though the soluble type of alkaline phosphatase was also expected to be expressed in the larval midgut, it was not observed in this profile. The soluble type of alkaline phosphatase might have been contained in the unanalyzed spots in this study. Three kinds of retinol or retinoic acid related proteins were found in midgut: retinol dehydrogenase 1 (#149) 19) , cellular retinoic acid binding protein (#51, 146), and aldehyde dehydrogenase (#52, 131). Retinoic acid, which affects morphogenesis, differentiation, and homeostasis, is known to be synthesized in the intestines of animals, including invertebrates, by β-carotene dioxygenase, and is transported by retinoic acid binding protein 20) . Aldehyde dehydrogenase (#52, 131) plays an important role in the generation of retinoic acid and other acids 21) . Other metabolism-related proteins found in this study were as follows. Spot #1 was identified as 1-acylglycerol-3-phosphate O-acyltransferase 22) which contributes to lipid metabolism. Methylmalonate-semialdehyde dehydrogenase (#134) 23) was located at the mitochondrial matrix space which exists in the distal portions of valine and the pyrimidine catabolic pathway. Acyl-CoA dehydrogenase short branched chains (#74, 150) 24) belong to a family of acyl-CoA dehydrogenases which catalyzes the α,β-dehydrogenation of acyl-CoA ester. This enzyme family has several members in humans and showed substrate specificity. Metal-dependent phosphohydrolase (#42) 25) which has been reported in sex-differentiation genes and S-adenosylhomocysteine hydrolase (#154) 26) in C. elegans, was identified in B. mori. Thioredoxin peroxidase (#83) 27) , which belongs to the peroxiredoxin gene family, and two abundant thioredoxin peroxidases were isolated in Drosophila. DNA supercoiling factors (#10, 144) were found in midgut extract which was purified and cloned from the silkglands 28) with DNA-directed DNA polymerase (#17) and novel centromeric histone Cid (#53) 29) . Nucleoside diphosphate kinase (#58) 30) was purified as a tetramer from B. mori brain using liquid column chromatography. EXU2 locii (#25, 49) were found to be a neo-sex chromosome in D. miranda 31) . Though the function of EXU2 is still obscure, it shows polymorphism in D. miranda. There was not enough information to examine the following proteins identified in this analysis: hypothetical or unknown proteins (#40, 54), ENSANGP00000013368 (#35) which were isolated from the malaria mosquito, the FLJ39441 protein (#158), and Surf6-PA (#89) 32) . Though the function of the suboesophageal body is not well known, a glycoprotein p27K (#155) 33) was found in midgut. The functions of these proteins are still obscure. Proteinases were expected to be found in midgut in this analysis because mulberry leaves are digested there. However, they were not detected in this study, though glycolysis-related enzymes were found. Post-translational modifications or differences in amino acid sequences between silkworm and Drosophila resulting from evolution may have affected the proteomic identification of the 2-DE separated spots. In fact, the coverages and the scores of calreticulins, which were identified by cloned silkworm sequence data, were increased when the phosphorylation was hypothesized on the amino acids (Data not shown).
We still have 107 unidentified proteins in 265 analyzed proteins. They will be identified as the silkworm genome structure becomes better understood. Though this report is the first attempt at silkworm proteomics, it is hoped that these data will be useful for the production of medical substances and the studies of harmful Lepidoptera with our on-going proteomic analysis and silkworm proteome DB construction of all tissues and stages.
